The Sendai virus C proteins, C, C, Y1, and Y2, are a nested set of independently initiated carboxycoterminal proteins translated from a reading frame overlapping the P frame on the P mRNA. The C proteins are extremely versatile and have been shown to counteract the antiviral action of interferons (IFNs), to down-regulate viral RNA synthesis, and to promote virus assembly. Using the stable cell lines expressing the C, Y1, Y2, or truncated C protein, we investigated the region responsible for anti-IFN action and for downregulating viral RNA synthesis. Truncation from the amino terminus to the middle of the C protein maintained the inhibition of the signal transduction of IFNs, the formation of IFN-stimulated gene factor 3 (ISGF3) complex, the generation of the anti-vesicular stomatitis virus state, and the synthesis of viral RNA, but further truncation resulted in the simultaneous loss of all of these inhibitory activities. A relatively small truncation from the carboxy terminus also abolished all of these inhibitory activities. These data indicated that the activities of the C protein to counteract the antiviral action of IFNs and to down-regulate viral RNA synthesis were not encoded within a region of at least 98 amino acids in its amino-terminal half.
Sendai virus (SeV) is an enveloped virus with a linear, nonsegmented, negative-sense genome RNA of 15,384 nucleotides and belongs to the genus Respirovirus of the family Paramyxoviridae. There are six genes on the genome, the order of which is 3Ј-(leader)-N-P-M-F-HN-L-(trailer)-5Ј. The monocistronic mRNAs directing the single translation products are usually transcribed from the genes by viral RNA polymerase (31) . However, the P gene expression is exceptional, because it gives rise to multiple protein species by a process known as RNA editing and by the use of an overlapping open reading frame (ORF).
In RNA editing, one nontemplated G residue is cotranscriptionally inserted into a specific position to generate the edited mRNA that encodes the protein termed V. The unedited mRNA that is the exact copy of the P gene encodes the phosphoprotein (P protein), the smaller subunit of RNA polymerase. The P and V proteins are therefore amino coterminous, while a Ϫ1 transframe is used to generate the carboxy-terminal half of the V protein (for a review, see reference 31). The V-unique carboxy-terminal region contains seven cysteine residues. These cysteine residues are highly conserved in paramyxovirus V proteins, form zinc finger motifs, and indeed bind Zn 2ϩ (20, 33, 40, 46) . Analysis of V knockout SeVs has indicated that the V protein is completely dispensable for viral replication in cultured cells (4, 25) but is required to maintain high viral loads in the lungs and to cause severe pneumonia in mice (20, 24, 25) . The contributions of the V protein to pathogenesis were subsequently demonstrated in other paramyxoviruses, such as measles virus (39, 49) , human parainfluenza virus type 3 (hPIV3) (7) , and Newcastle disease virus (34) . Thus, paramyxovirus V proteins are generally nonessential for viral tissue culture replication but have a luxury function required for in vivo pathogenesis (for reviews, see references 35 and 36 ).
An ORF overlapping the amino-terminal portion of the SeV P ORF in the ϩ1 frame produces a nested set of carboxycoterminal proteins called CЈ, C, Y1, and Y2, collectively referred to as the C proteins. Translation of the CЈ protein is initiated on a non-AUG codon, ACG, at position 81 on the P mRNA (16) , whereas C, Y1, and Y2 start on AUGs at positions 114, 183, and 201, respectively (Fig. 1A) (41) . All four C proteins terminate at the same position, 726 (31) . Among them, the C protein is the major species expressed in infected cells, at a molar ratio severalfold higher than those of the other three (30, 41) . A reading frame overlapping the P ORF is found in viruses belonging to the two genera Respirovirus and Morbillivirus but not in viruses belonging to the genus Rubulavirus. The members of Respirovirus have the potential to encode the nested set of C proteins, but those of Morbillivirus have a single C protein (1, 31) .
In contrast to the V protein, which is almost completely dispensable for SeV replication in cultured cells, a lack of C proteins could profoundly affect the viral life cycle. Indeed, all-four-C knockout SeV replicated very poorly in cultured cells and embryonated chicken eggs (30) . Four-C knockout SeV was found to produce larger amounts of viral mRNAs and translational products but generated smaller amounts of genomic RNAs and viable progeny viruses than did wild-type SeV in infected cells (17) . These results indicate that C proteins are required for coordinating the amount of RNA between transcription and replication. The down-regulating activity of RNA synthesis was the first property found for C proteins in vitro (3) and was consistent with the findings obtained with four-C knockout SeV described above. The downregulating activity is dose dependent and is well correlated with the binding capability of C proteins with the large (L) protein, a catalytic subunit of viral RNA polymerase (15, 19) . The down-regulation of leader-primed RNA synthesis is more pronounced than that of trailer-primed RNA synthesis, implying the promoter specificity of inhibition (2, 48) .
An additional important role of C proteins is the contribution to virus assembly. The progeny virions from cells infected with four-C knockout SeV have altered morphology and show a lower ratio of infectivity to hemagglutinating activity than does the wild-type virus (17) . The SeV matrix (M) protein and envelope glycoproteins, F and HN, appeared to miss the viral assembly in the absence of C proteins (17) . The contributions of the C protein to the viral life cycle have been demonstrated for other paramyxoviruses. The measles virus C protein has been shown to down-regulate RNA synthesis in a dose-dependent manner in vitro (43) and to improve the multiplying efficiency in some human primary cells (8, 39) .
In addition to the roles described above, SeV C proteins have been shown to counteract the antiviral action of exogenously added and endogenously produced interferons (IFNs) (12, 50) . This anti-IFN action was totally lost in cells infected with all-four-C knockout SeV (14, 47) . This anti-IFN action of SeV may be required for pathogenesis at an acute phase of infection and also for the establishment of persistent infection in cultured cells or mice. Cell lines stably expressing C, Y1, or Y2 protein equally circumvent the antiviral action of alpha/ beta IFN (IFN-␣/␤) and IFN-␥, indicating that C protein alone is sufficient for the anti-IFN function (22) . In the same study, the C-, Y1-, or Y2-expressing cell lines were also shown to inhibit SeV multiplication at the transcriptional level. These data clearly showed that the smallest protein, Y2, was as active as the larger C and Y1 proteins in both counteracting the antiviral action of IFNs and down-regulating viral RNA synthesis (22) . At least with respect to these two functions, there appears to be no reason for SeV to produce the CЈ, C, Y1, and Y2 proteins. Anti-IFN functions have been shown to be present in many other viruses (5, 9, 42, 53) . It is the V proteins for simian virus type 5 (6, 52) , mumps virus (29) , and hPIV2 (37, 38) that counteract the antiviral action of IFNs. These viruses, which belong to the genus Rubulavirus, do not encode the C protein. It is interesting to know the evolutionary pathways common to and distinct between the two genera Rubulavirus and Respirovirus.
In this report, we describe the establishment of cell lines stably expressing the several truncated forms of the SeV C protein and examine which regions of the C protein are responsible for the anti-IFN actions and the down-regulation of viral RNA synthesis. Truncations from the amino terminus up to the middle of the C protein maintained both activities. Further truncation from the amino terminus as well as a relatively small truncation from the carboxy terminus readily resulted in the loss of both activities. The amino-terminal half of the C protein was thus found not to be responsible for either counteracting the antiviral action of IFNs or down-regulating viral RNA synthesis.
MATERIALS AND METHODS
Plasmids. The DNA fragments encoding the truncated C ORFs were obtained by PCR from the full-length cDNA clone of SeV, pSeV(ϩ) (26 Fig. 1 . Each region upstream of the initiation codon (italicized) was modified to optimize for translation according to Kozak's rule (28) . These fragments were cut with HindIII and BamHI (superscripts in the primer sequences) and cloned into the same sites of plasmid pKS336 (GenBank accession number AF403737). After verification of the sequences, these plasmids encoding the Y2.5, Y3, Y4, Y8R, and Y7R proteins, named pKS-Y2.5, pKS-Y3, pKS-Y4, pKS-Y8R, and pKS-Y7R, respectively, were used to establish stable transformants.
Transfection. The stable transformants expressing the variously truncated C protein were established as described previously (22) . In brief, HeLa cells maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum were plated at a density of 10 6 cells/plate in 9-cmdiameter dishes. Ten micrograms of pKS-Y2.5, -Y3, -Y4, -Y8R, or -Y7R plasmid was transfected into cells by using a mammalian transfection kit (Stratagene, La Jolla, Calif.). Two days later, the medium was replaced with DMEM containing blasticidin at 10 g/ml. Colonies grown in the selection medium were picked up, propagated, and used throughout the study. The cells were incubated at 37°C for 2 h in the 5% CO 2 incubator and then washed twice with ice-cold PBS. The harvested cells were then lysed with 0.5 ml of radioimmunoprecipitation assay buffer on ice for 5 min and spun at 15,000 rpm for 5 min at 4°C. Immunoprecipitations were performed as described previously (24) and were analyzed on a 16% acrylamide-Tricine gel (NuPAGE; Invitrogen Corp., Carlsbad, Calif.), which was subsequently treated with Enlightning reagent (Perkin-Elmer Life Sciences NEN, Boston, Mass.) for 30 min, dried, and visualized by fluorography.
Immunoblotting. Cytoplasmic cell extracts were run through 4 to 12% acrylamide-bis-Tris gel (NuPAGE; Invitrogen Corp.) and electroblotted onto polyvinylidene difluoride membranes (Millipore, Bedford, Mass.). The membranes were blocked for 1 h in 3% skim milk in TBST (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Tween 20) and probed with a mixture of anti-STAT1␣/␤ (sc-346; Santa Cruz Biotechnology, Santa Cruz, Calif.) and anti-STAT2 (sc-476; Santa Cruz Biotechnology) antibodies or with anti-PKR (sc-707; Santa Cruz Biotechnology) antibody. Immunoreactivity was visualized by peroxidase color reaction with a Konica immunostain kit (HRP-1000; Seikagaku Corp., Tokyo, Japan) according to the manufacturer's instructions. The visualized bands on the membranes were incorporated digitally by the scanner. The dendrograms of each band were achieved by using NIH-Image software and were used for calibrating the relative intensity.
EMSA. An electrophoretic mobility shift assay (EMSA) was performed to determine whether or not the IFN-stimulated gene factor 3 (ISGF3) complex was formed. After incubation with or without 1,000 IU of IFN-␤/ml for 4 h, HeLa whole-cell extracts were prepared. Cells (2 ϫ 10 6 ) were washed three times in ice-cold PBS and lysed in 50 l of buffer (0.1% NP-40, 20 mM HEPES [pH 7.9], 50 mM NaCl, 10 mM EDTA, 2 mM EGTA, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 g of leupeptin/ml, 1 mM Na 3 VO 4 ) followed by 10 min of incubation on ice. Nuclei were pelleted by spinning down at 10,000 rpm at 4°C for 5 min in an Eppendorf microcentrifuge. The supernatant was stored as a cytoplasmic extract at Ϫ80°C until use. The self-complementary DNA fragment (IFN-stimulated response element [IRE]; 5Ј-GAGAGGGAAACCGAAACTG AATTAGCTTTCAGTTTCGGTTTCCCTCT-3Ј) (with the IRE underlined in the sequence) was chemically synthesized and was used as a probe in EMSA (51) . IRE was end labeled with T4 polynucleotide kinase (Toyobo Biochemicals, Tokyo, Japan) and [␥-
32 P]ATP (111 TBq/mmol; Perkin-Elmer Life Sciences NEN) according to the manufacturer's recommendation. Binding reactions were performed by incubating the cytoplasmic extract corresponding to 10 5 cells with 2 ϫ 10 4 cpm of labeled IRE (10 fmol), 0.35 g of salmon sperm DNA, and 3 g of bovine serum albumin in a binding buffer (10 mM Tris-HCl [pH 7.5], 50 mM NaCl, 5% glycerol, 1 mM dithiothreitol, 0.5 mM EDTA) for 10 min at 25°C. In some cases, nonlabeled IRE (1 pmol) was added to the binding reaction mixtures. The reacted samples were then loaded onto native 4% acrylamide gels prepared with 1ϫ Tris-borate-EDTA. After the running, the gels were dried and visualized by autoradiography.
Antiviral activity of IFNs. Parental cells and the native or truncated C-expressing HeLa cells plated at a density of 5 ϫ 10 4 cells/well in 24-well plates were treated with human IFN-␤ or IFN-␥ at 0, 10, 100, or 1,000 IU/ml for 24 h in serum-free DMEM. The cells were washed once with PBS and infected with vesicular stomatitis virus (VSV) at a multiplicity of infection (MOI) of 2 in 0.1 ml of serum-free DMEM for 1 h at 37°C. After removal of the virus-containing media, cells were further incubated in the same medium without IFN. For viral cytopathic effect assays, cells were fixed and stained with Coomassie brilliant blue when significant cytopathic changes developed.
Minigenome assay. The RNA genome analog (minigenome), in which the firefly luciferase ORF was substituted for the region beginning at the initiation codon for nucleocapsid (N) ORF and ending at the stop codon of L ORF in the context of the SeV genome, was transcribed from linearized pHVlucRT4(Ϫ) with a T7 transcription kit (AmpliScribe; Epicentre Technologies, Madison, Wis.) (26) . The minigenome, the pGEM-N, -P, and -L plasmids carrying the SeV N, P, and L genes driven by the T7 promoter (provided by D. Kolakofsky, Geneva, Switzerland), and the pRL-TK plasmid (used as an internal control) were cotransfected into the parental and respective C-expressing HeLa cells as described previously (22) . Control plasmid pRL-TK, which contained the herpes simplex virus thymidine kinase promoter region fused to the Renilla luciferase gene, was purchased from Promega (Madison, Wis.). Before transfection, cells were infected with recombinant vaccinia virus strain vTF7-3 expressing T7 polymerase (supplied by B. Moss, National Institutes of Health). Relative luciferase activities were measured at 20 h posttransfection by using a dual-luciferase assay kit (Promega).
Virus infections. The strain Z of wild-type SeV and its recombinant containing the luciferase gene (rSeV/luci) were inoculated into the parental cells and the native or truncated C-expressing HeLa cells at an MOI of 5 per cell in a six-well plate (18, 23) . The infected cells were maintained in serum-free DMEM with or without 2 g of the MG-132 proteasome inhibitor (Calbiochem, La Jolla, Calif.)/ ml. The virus titers in the culture supernatants were measured at several time points postinfection (p.i.). The wild-type SeV titers were measured by cell infection unit (CIU) assay (25) . The luciferase activities and the protein quantities in rSeV/luci-infected cells were measured by using a luciferase assay kit (Promega) and a protein assay kit (Bio-Rad Laboratories, Hercules, Calif.), respectively. hPIV1 (Kobe strain) and hPIV3 (Kobe strain) were kindly provided by M. Ito (Osaka Institute of Health, Osaka, Japan) and were inoculated into the parental and Y2-expressing HeLa cells at an MOI of 5 per cell in six-well plates. Measles virus (Edmonston strain) purchased from the American Type Culture Collection and mumps virus (RW strain) kept in our institute were used in this study. The virus titers were measured at several time points by a 50% infective dose of tissue-cultured cells with Vero or LLCMK2 cells.
RESULTS
Establishment of stable cell lines expressing the truncated C proteins. There are eight in-frame AUG codons in the SeV C ORFs in addition to an ACG initiation codon for the CЈ protein. The first three AUG codons, at positions 114, 183, and 201, are used to translate the C, Y1, and Y2 proteins, respectively. These four proteins are collectively called the C proteins, because they form a carboxy-coterminal nested set with heterogeneity at their amino termini (Fig. 1A) . We recently found that HeLa cells stably expressing either C, Y1, or Y2 protein blocked the IFN-␣/␤-and IFN-␥-mediated JAK/STAT signal transduction pathway, resulting in the inhibition of antiviral action of IFNs, and down-regulated viral RNA synthesis (22) . In these inhibitory capabilities, the C, Y1, and Y2 proteins were equally active, indicating that even Y2, the smallest of the SeV C proteins, is fully capable of performing these two functions.
To determine the regions responsible for these functions, three DNA fragments encoding the amino-terminally truncated C ORFs, Y2.5, Y3, and Y4 (Fig. 1A) , were prepared and transfected into HeLa cells. The reading frames of Y3 and Y4 start from the fourth and fifth AUG codons, at positions 408 and 492 of the SeV P mRNA, respectively, while Y2.5 was prepared by adding an initiation codon at position 315 of the P mRNA following upstream truncation (Fig. 1A) . Colonies grown in the selection medium were collected and propagated. Several clones expressing the Y2.5, Y3, or Y4 protein were obtained. As shown in Fig. 1B , the three clones named Y2.5ϩ, Y3ϩ, and Y4ϩ were found by immunoprecipitation with anti-C serum to express the Y2.5, Y3, and Y4 proteins, which migrated faster in sodium dodecyl sulfate-polyacrylamide gel electrophoresis than did the Y2 protein of the previously established cell line, designated Y2ϩ, and exhibited the respective authentic sizes. In addition to the amino-terminal truncates, HeLa cell lines expressing the carboxy-terminally truncated Y8R or Y7R protein were prepared and designated Y8Rϩ or Y7Rϩ, respectively (Fig. 1) . The reading frames of Y8R and Y7R start at position 315, as does the Y2.5 frame, but stop immediately before the eighth and seventh initiation codons, at positions 684 and 657 of the P mRNA, respectively (Fig. 1A) . The Y8R and Y7R proteins exhibited authentic mobility, migrating faster than the Y2.5 protein (Fig. 1B) . The immunoprecipitated bands of the truncated proteins were fainter than those of the intact C, Y1, and Y2 proteins in proportion to the length of truncation, according to a gradual loss of methionine residues to be labeled and of antigenic sites to be bound with anti-C serum to be precipitated. No specific coprecipitates with C proteins were found under these conditions (Fig. 1B) .
Effect of truncated SeV C proteins on the IFN-␤-induced signaling. IFN-␣ and IFN-␤ are involved in innate responses as major host defense mechanisms, as exemplified by the establishment of the antiviral state through the induction of IFNstimulated gene (ISG) products via the so-called JAK/STAT pathway (44, 45) . To clarify the effect of truncated C proteins on the IFN-␤-mediated signaling, the levels of the ISG products, STAT1␣/␤, STAT2, and PKR, were compared. The intracellular levels of STAT1␣/␤ and STAT2 increased 1.17-, 1.91-, 2.06-, and 2.16-fold in accordance with incubation with IFN-␤ for 2, 4, 6, and 8 h, respectively ( Fig. 2A) . Similar IFN-␤-mediated stimulation was also found in PKR production. The amount of PKR increased 1.37-, 2.17-, 2.48-, and 2.56-fold during the incubations for 2, 4, 6, and 8 h, respectively. As the synthesis of ISG products thus appeared to be stimulated clearly by 4-h incubation, the stimulation levels of the expressing cells incubated for 4 h with or without IFN-␤ were compared. No or little appreciable stimulation of STAT1␣/␤-STAT2 or PKR synthesis by IFN-␤ was found in Cϩ, Y1ϩ, or Y2ϩ cells (0.77-to 1.24-fold) (Fig. 2A) . Stimulation was found in parental HeLa cells (1.66-fold for STAT1␣/ ␤-STAT2 and 2.59-fold for PKR), while just as in these Cexpressing cells, the presence or absence of IFN-␤ did not appreciably change the thickness or intensity of bands for either Y2.5ϩ or Y3ϩ cells (Fig. 2B) . However, darker and thicker bands of STAT1␣/␤-STAT2 and PKR were observed in Y4ϩ cells (1.67-and 1.77-fold, respectively) treated with IFN-␤ than in those without IFN-␤ (Fig. 2B) . Thus, the aminoterminal truncation of the C protein to position 492 from the 5Ј end of P mRNA was suggested to cause the loss of inhibition of IFN signaling. The effect of carboxy-terminal truncations was then studied by using Y8Rϩ and Y7Rϩ cells, which express Y2.5 proteins lacking the 3Ј region of the reading frame. The stimulations of STAT1␣/␤ and STAT2 in the presence of IFN-␤ were observed in both Y8Rϩ (1.59-and 2.01-fold, respectively) and Y7Rϩ (1.67-and 1.77-fold, respectively) cells (Fig. 2B) , suggesting that carboxy-terminal truncation of the C protein to positions 684 and 657 from the 3Ј end of P mRNA caused the loss of inhibiting activity. Essentially the same results were obtained when the lysates of cells treated with IFN-␣ or IFN-␥ were immunoblotted (data not shown). These findings confirmed that the C, Y1, and Y2 proteins blocked IFN-␣/␤-and IFN-␥-mediated signaling equally well without the aid of any other SeV proteins and indicated that the region responsible for this effect resided in the Y2.5 and Y3 proteins but not in the Y4, Y7R, or Y8R protein.
Effect of truncated C proteins on the formation of ISGF3 complex. To further clarify the effect of the truncated C proteins on the inhibition of IFN signaling, we studied the formation of ISGF3 complex required for ISG transcription by DNA-binding assay. Cytoplasmic cell extracts prepared from the parental HeLa cells or stable transformants expressing native or truncated C protein were subjected to EMSA with the labeled oligonucleotide probe (IRE). The parental HeLa cell extract pretreated with IFN-␤ gave a more slowly migrating band than the probe alone in the gel (Fig. 3A) . This band was not found when the parental cell extract without IFN-␤ pretreatment was assayed or when the extract was assayed with a 100-fold excess amount of the same, nonlabeled oligonucleotides, indicating the specific binding of the probe due to the formation of ISGF3 complex in cells. The upper band appeared in all assays in which the probe was incubated with cell extracts (Fig. 3) but disappeared when the probe was electrophoresed alone under the same conditions (data not shown). This common band was thus considered to represent nonspecific binding of some constitutively expressed cellular compo-
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on November 10, 2017 by guest http://jvi.asm.org/ nents with the probe rather than the formation of ISGF3 complex. The Cϩ, Y1ϩ, and Y2ϩ cell extracts yielded no specific band under any conditions used (Fig. 3A and B) , indicating that ISGF3 complex was not formed in these cells. The Y2.5ϩ and Y3ϩ cell extracts did not give the specific band either (Fig.  3B ), but Y4ϩ cell extract pretreated with IFN-␤ did (Fig. 3C) , suggesting the requirement of the amino-terminal region between Y3 and Y4 for inhibiting ISGF3 complex formation. The extracts obtained from Y8Rϩ and Y7Rϩ cells expressing the carboxy-terminally truncated Y2.5 proteins gave the specific band when cells were treated with IFN-␤ (Fig. 3C) , suggesting the requirement of the very carboxy-terminal 14 residues of the C protein for the inhibition of ISGF3 complex formation.
Effect of truncated C proteins on the establishment of IFN-␤-and IFN-␥-induced antiviral state. To determine the effects of the truncated C proteins on the establishment of the antiviral state, cells preincubated with IFN-␤ at 0, 10, 100, or 1,000 IU/ml for 24 h were challenged with VSV. As shown in Fig. 4A , IFN-␤ alone did not cause any apparent cytopathogenicity in any of the cells tested under these conditions. All of the cells cultured in the absence of IFN-␤ were detached from the plates by subsequent VSV infection. The parental cells were protected from the VSV-induced cytopathic effect with IFN-␤ pretreatments at 100 and 1,000 IU/ml. In contrast, Cϩ, Y1ϩ, and Y2ϩ cells were totally detached by VSV infection even after pretreatment with IFN-␤ at 1,000 IU/ml. VSV multiplication in the Cϩ, Y1ϩ, and Y2ϩ cells at the highest concentration of IFN was confirmed by immunoblotting with anti-VSV antibody (data not shown), indicating that the cell detachment was indeed caused by VSV multiplication. Essentially the same results were obtained when IFN-␥ was used instead of IFN-␤ (Fig. 4B) .
The Y2.5ϩ and Y3ϩ cells expressing the amino-terminally truncated C protein were also detached by VSV challenge under all of the conditions tested. In contrast, Y4ϩ cells expressing the further truncated C protein were protected by IFN-␤ or IFN-␥ pretreatment at 100 or 1,000 IU/ml (Fig. 4) , indicating the critical importance of the region between Y3 and Y4 for counteracting the antiviral activity of IFNs. The Y7Rϩ and Y8Rϩ cells expressing the carboxy-terminally truncated Y2.5 protein were also protected from VSV challenge by pretreatment with IFN-␤ or IFN-␥ at 100 or 1,000 IU/ml (Fig.  4) , indicating the requirement of the very carboxy-terminal residues for generating the anti-IFN action of C proteins. We concluded that the SeV C-protein region responsible for in- hibiting the IFN-␤-and IFN-␥-mediated signaling and for abolishing the antiviral state resides in the Y2.5 and Y3 proteins.
Effect of truncated C proteins on viral RNA synthesis. In our previous report, we showed that the Y2 protein, the smallest of the SeV C proteins, was fully active not only in counteracting the antiviral action of IFNs but also in down-regulating viral RNA synthesis (22) . The RNA-synthesizing activities were then studied in vitro by using a minigenome with the reporter firefly luciferase gene. The minigenome RNA was cotransfected into cells expressing the respective truncated C protein together with the N, P, and L plasmids. This cotransfection further included the plasmid encoding the Renilla luciferase used as an internal control. The minigenome was replicated and transcribed by the N, P, and L proteins, which were supplied by the respective plasmids driven by T7 polymerase derived from the coinfecting vTF7.3. In the P plasmid, the expression of C proteins had been silenced by a replacement of its translational initiation site with the influenza viral hemagglutinin tag (3) . The extent of transcription from the minigenome was monitored by firefly luciferase activities. Potential fluctuations in transfection efficiency and other experimentation were normalized by the expression levels of Renilla luciferase from the control plasmid. The relative luciferase activities were measured in four independent experiments, and the mean value and its deviation were calculated.
The relative luciferase activities in the Cϩ, Y1ϩ, and Y2ϩ cells were about 29, 12, and 37% of that in parental cells, respectively (Fig. 5A) . As previously shown (22) , the degrees of inhibition were strictly dependent upon the amounts of the various C proteins expressed in cells but not on the C protein species. For instance, the obviously stronger inhibition caused by the Y1 protein than by the C or Y2 protein was simply attributable to the fact that the levels of intracellular expression were higher for the Y1 protein than for the C or Y2 protein. The relative luciferase activities in Y2.5ϩ and Y3ϩ cells were 50 and 53% of that in parental cells, respectively. Note that the degrees of inhibition caused by the Y2.5 and Y3 proteins were statistically as high as or not much lower than that caused by the Y2 protein. Thus, the Y2.5 and Y3 proteins recombinant SeV, rSeV/luci, containing the firefly luciferase gene was used in this experiment. The luciferase activity in rSeV/luci-infected cells was well correlated with the amount of luciferase mRNA in the early stage (Ͻ12 h) of infection (18, 23) . rSeV/luci was inoculated into the parental cells and the native or truncated-C-protein-expressing HeLa cells at an MOI of 5 per cell and incubated for 6 h. Cell lysates were prepared for measuring the luciferase activity and the protein quantity. Potential fluctuations in the cell amounts were normalized by the protein quantity of cell lysate. A high luciferase activity per microgram of protein was found in the parental HeLa cells, whereas the expression in Cϩ, Y1ϩ, and Y2ϩ cells was 16, 4, and 9% of that in the parental cells, respectively (Fig.  5B) . The inhibitions caused by the C proteins were retained at least partially in cells expressing the amino-terminally truncated Y2.5 or Y3 protein, being 46 or 67% of the activity in the parental cells, respectively. In contrast, the Y4 protein generated by further truncation of the Y3 protein did not show significant inhibition (96% of activity). In addition, the Y8R and Y7R proteins generated by the carboxy-terminal truncation of the Y2.5 protein also showed no appreciable inhibition (95 and 86% of activity, respectively). These data were consistent with those obtained with the minigenome (Fig. 5A) . However, the inhibitions of RNA synthesis by the Y2.5 and Y3 proteins in infected cells were not as pronounced as those observed in the minigenome assay. This may have been due to the instability of the Y2.5 and Y3 proteins in infected cells, because the addition of a proteasome inhibitor to the culture medium significantly improved the degree of inhibition (35 and 49% of activity, respectively) (Fig. 5B) . Note that no such alteration of inhibition was seen for the other C proteins, including Y4, Y8R, and Y7R (Fig. 5B) . Taken together, these results strongly suggested that the Y3 protein was the smallest of the proteins tested to down-regulate viral RNA synthesis. Effect of truncated C proteins on virus growth. The growth rate and peak titer of all-four-C knockout SeV were much lower than those of the wild-type SeV, even in the IFN-nonproducing Vero cells (17) , suggesting that C proteins play an essential role in maximal viral production independently of their anti-IFN action. If they were present in a certain amount in cells prior to infection, the C proteins strongly inhibited the RNA synthesis of infecting SeV and impaired viral growth. This growth impediment caused by the C proteins was reexamined by using the cell lines expressing the truncated C protein. As shown in Fig. 6A , SeV replication not only in C-, Y1-, and Y2-expressing cells but also in Y2.5-and Y3-expressing cells was significantly slower than that in parental cells. Though not by as much as those in Y2-expressing cells, the titers at 24 h p.i. were also lower in Y2.5-and Y3-expressing cells. Little difference in either growth rate or titer was found between parental and Y4-, Y8R-, or Y7R-expressing cells. The growth inhibition by the Y2.5 and Y3 proteins but not by the Y4, Y8R, or Y7R protein was confirmed by the relative virus titers at 18 and 24 h p.i., particularly the former, which were calibrated by standardization, with the titer of the wild-type virus taken as 100% (Fig. 6B) . The C, Y1, Y2, Y2.5, and Y3 proteins gave significant inhibition (less than 15%) at 18 h p.i. The inhibition was continued in Cϩ, Y1ϩ, and Y2ϩ cells, but the virus titers were restored to some extent in Y2.5ϩ and Y3ϩ cells at 24 h p.i. This may have been due, at least in part, to the instability of the Y2.5 and Y3 proteins. These results clearly indicated that the trans-expressed 108-amino-acid Y3 protein rendered HeLa cells poorly permissive for SeV replication but that further truncated ones did not.
Finally, we examined the specificity of SeV C inhibition for some other related viruses. As already shown in Fig. 4 , the growth of VSV was not inhibited by the expression of SeV C proteins. Similarly, the growth of measles virus and mumps virus was not impaired in cells expressing the SeV C protein but rather was enhanced, probably because of the inhibition of antiviral action of the endogenously produced IFNs (data not shown). When the growth of hPIV1 and hPIV3, which belong to the genus Respirovirus, was compared between the parental and Y2-expressing HeLa cells, hPIV1 but not hPIV3 showed greatly impaired growth in Y2-expressing cells (Fig. 6C ). This hPIV1 inhibition by the SeV Y2 protein was as strong as or even stronger than that for the homologous SeV (Fig. 6A) . Note that the homology of the carboxy-terminal half of the C protein required for inhibition is 89.5% between SeV and hPIV1 while it is 48.6% between SeV and hPIV3.
DISCUSSION
The carboxy-terminally nested set of four C proteins (CЈ, C, Y1, and Y2) is translated from the in-frame initiation codons at positions 81, 114, 183, and 201 of SeV P mRNA (Fig. 1A) . Like the wild type, the CЈ knockout SeV replicates normally in cultured cells and kills the mouse (32) . The CЈ-C doubleknockout SeV and the CЈ-C-Y1 triple-knockout SeV showed slightly slower replication in cultured cells than the wild-type SeV but replicated poorly in the lungs of mice. The mutant viruses were attenuated for mice (30) . Therefore, the roles of CЈ appear to be subrogated by the C, Y1, and Y2 proteins, but the roles of CЈ and C do not appear to be subrogated by the Y1 and/or Y2 proteins. The growth of all-four-C knockout SeV was hampered greatly even in cultured cells. Because these SeVs are cleared immediately after inoculation, it was totally nonpathogenic for mice (17) . The fact that all-four-C knockout SeV was much more attenuated both in vitro and in vivo than others indicated the requirement of all kinds of C proteins for full replication capability of SeV. To date, three functions, the anti-IFN function, the ability to down-regulate viral RNA synthesis, and the activity to promote virus assembly, have been assigned to one or more of the C proteins (3, 12, 17, 22) . However, the first two of these functions have been clearly mapped in all of the four C proteins (22) , indicating that the C proteins cannot be discriminated one from the other by these functions.
To determine the region responsible for each of these functions in the C proteins, we established HeLa cell lines expressing the truncated C protein and examined whether or not they retained these abilities. The truncated Y3 protein, which consisted of amino acids 99 to 204 of the C protein, retained the abilities to counteract IFNs and to down-regulate viral RNA synthesis, but Y4 protein, which consisted of amino acids 127 to 204 of the C protein, lost both abilities simultaneously. These results indicated that the amino-terminal residues 1 to 98 of the C protein were not essential for blocking the establishment of the antiviral state by IFNs or for down-regulating RNA synthesis. It is noteworthy that the region comprising amino acids 40 to 98, between the Y2 and Y3 proteins, did not essentially contribute to these inhibitory functions but contributed at least to some extent to the stabilization of the protein (Fig. 5B and 6B) . Though the Y2.5 protein, which consisted of amino acids 68 to 204 of the C protein, retained the two abilities, two carboxy-terminal truncates consisting of amino acids 68 to 190 (Y8R) and 68 to 181 (Y7R) of the C protein lost both abilities. This result indicated that the carboxy-terminal region (amino acids 191 to 204) of the C protein is also required for generating these two functions. These two functions were thus eventually mapped within a region of 106 amino acids in the carboxy-terminal half of the C protein (99 to 204). However, as the stability of truncated C proteins was not examined in this study, the regions between Y3 and Y4 (99 to 108), Y2.5 and Y8R (191 to 204), and Y2.5 and Y7R (182 to 204) could possibly contribute to the stability of C proteins indirectly in cells rather than contributing directly to the anti-IFN action and to the down-regulation of viral RNA synthesis.
A spontaneous mutation from serine to phenylalanine at amino acid 170 of SeV C protein of the Ohita strain rendered this highly virulent SeV avirulent for mice (13, 21) and less capable of counteracting the IFNs (11) . Though the sequence of the C protein differs for the Ohita strain and less virulent Z strain which we used, the sequence of the carboxy-terminal half, including the serine at position 170, is identical for the two strains. This fact is consistent with our conclusion that amino acids 99 to 204 of the C protein were responsible for the inhibition of IFNs from establishing an antiviral state. The carboxy-terminal half region (99 to 204) of SeV C protein showed a striking similarity (89.5%) with the counterpart of hPIV1 but only moderate similarity (48.6%) with that of hPIV3, though the similarity of the entire C protein is 69.1% between SeV and hPIV1 and 44.1% between SeV and hPIV3. Thus, SeV C protein strongly inhibited the growth of hPIV1 but not at all that of hPIV3 (Fig. 6C) . These results indicated the importance of the primary sequence of the carboxy-terminal half for the down-regulation of viral RNA synthesis.
The ability of SeV C protein to bind L protein has been shown to correlate with the down-regulating activity of RNA synthesis in vitro, and the charged amino acids important for binding L protein and for down-regulating RNA synthesis have been shown to lie scattered, predominantly within the carboxyterminal half of the C protein (15) . These results were in good agreement with the results of the present truncations. However, the mutant C protein whose amino acids 76-KIID-79 were replaced with 76-AIIA-79 impaired the binding with L protein and the inhibition of RNA synthesis (15), while our Y3 protein without amino acids 1 to 98 retained the inhibiting activity (Fig. 4 and 5) . The point mutations may have caused three-dimensional hindrance rather than the direct effects on binding and inhibition.
Garcin et al. reported that all of the CЈ, C, Y1, and Y2 proteins could equally inhibit the tyrosine phosphorylation at amino acid 701 of STAT1 and hamper the signaling of IFNs (11) but indicated further that the CЈ and C proteins could induce the instability of STAT1 and prevent IFNs from establishing an antiviral state, whereas the Y1 and Y2 proteins and the C protein lacking amino acids 10 to 15 could not (10) . Based upon these observations, they claimed that the inhibition of signaling was not sufficient to counteract the antiviral activity of IFNs and that the anti-IFN action could be attributed to the amino-terminal region of the C protein. Finally, they concluded that the larger CЈ and C and the smaller Y1 and Y2 proteins play different roles (10) . These claims are highly contradictory to our previous conclusion that Y2, the smallest of the C proteins, is fully capable of antagonizing both the signaling of IFNs and their antiviral activity (22) ; these claims also contradict the present results indicating that these functions are primarily encoded by the carboxy-terminal half of the C protein. The discrepancy can be attributed, at least in part, to the different cell lines used, because the strength and duration of IFN signaling vary depending on cell type. More than this, we must emphasize differences in experimental design; we used the cell lines expressing the C protein constitutively, while Garcin et al. used recombinant viruses (rSeVs) with variously mutated C proteins. In the context of wild-type SeV replication, anti-IFN action by C proteins takes place within a relatively short period (2 h) p.i. (14) , but for this action to take place, SeV infection must be done at least 30 min prior to IFN treatment (50) . Namely, a small but critical amount of intracellular accumulation of C proteins has to be guaranteed prior to IFN treatment in all experiments. This must be even more carefully taken into consideration when mutant rSeVs are used, because they are often attenuated in their replication capability (14, 27) . Some of the inoculated rSeVs could be eliminated by the antiviral action of IFNs not because the C proteins had a reduced ability to counteract IFNs but because the amount of C proteins was insufficient to overcome IFNs in cells. It has to be noted that in the study by Garcin et al. (10) , when cells were inoculated with rSeVs before the IFN treatment, the results obtained appeared to be similar to ours, but when cells were inoculated with rSeVs and treated with IFN simultaneously or subsequently, the results were in disagreement with ours. The viral life cycle involves amplification of genome replication and mRNA transcription. The quantitative differences in intracellular C proteins that were potentially caused by the differences in replication capability among the rSeVs must become greater as the viral life cycle advances. This may also make precise characterization of rSeV C mutants difficult. These problems, which tend to lead to biased interpretations, can be avoided at least in part through the use of stable transformants expressing relatively invariable amounts of native or mutant C proteins prior to and throughout the experiment. It has to be further noted that the dosedependent inhibition of RNA synthesis caused by Y2, the smallest native C protein, was essentially the same as those caused by the longer Y1 and C proteins (22) .
However, a further enigma remains to be solved. As described above, rSeV lacking the CЈ protein replicates as rapidly as the wild-type virus, but rSeVs lacking the CЈ and C proteins or the CЈ, C, and Y1 proteins grow more slowly than the wild type (30, 32) . All-four-C knockout SeV is further attenuated (17) . It would thus appear that the Y1 and/or Y2 proteins are not representative of all of the roles of C proteins. In addition, all field isolates and laboratory strains of SeV so far sequenced encode or at least have the potential to encode four different C proteins. The enigma to be solved is why SeV should encode four different C proteins. To address this, finely tuned quantitative studies will be needed. On-off expression of each C protein in cells may be used as such to define how much each C protein complements the CЈ-C-Y1-Y2 knockout SeV replication and whether or not all four C proteins are equally active in all of the relevant functions, including the recruitment of viral structural proteins into the assembly pathway. The generation of additional C knockout viruses and their characterization both in cells and in host animals will also be helpful in answering this question.
